The increasing understanding of exosome biology has sparked interest in their activities in the immune system. Exosomes are cell-derived extracellular vesicles at the nanoscale range, which have been thought to play important roles in intercellular communication and substance delivery. Recent evidence shows that exosomes are involved in the regulation of immune responses and anti-cancer immunity, prompting studies to employ exosomes for cancer immunotherapy, for instance, as nanocarriers or immunoregulators. In this review, fundamental knowledge on exosomes and recent advances in exosome-based cancer immunotherapy are presented. Moreover, the current challenges and future perspectives are highlighted, aiming to inspire new strategies for future studies.
Introduction
Following the discovery of their immunological functions in 1996, exosomes have been re-classified from inconsequential cell garbage boxes to critical players in cell-cell communication [1] [2] [3] . Since then, extensive attention has been drawn to exosomes, resulting in a dramatic rise in publication numbers (Figure 1 ), and the initiation of clinical trials involving exosomes [4, 5] . Currently, the biological functions of exosomes are not yet completely understood, but this seems not to dampen the enthusiasm of immunologists and clinicians in utilizing the unparalleled advantages of exosomes, which include the cell membrane-like structure, the carrier capacity for biomolecules and the capability of immunoregulation [6] .
In recent years immunotherapy has demonstrated its potential as an effective alternative for cancer treatment, where conventional treatments like surgery, chemotherapy and radiation therapy failed or were of little effect [6, 7] . Accumulating evidence has indicated that exosomes are involved in immunological activities (i.e. modulation of antigen presentation) and cancer development, suggesting exosomes may be a potential target for cancer immunotherapy [8] [9] [10] . Also, some exosome properties (i.e. concentration, composition) are cancer-dependent, for instance, the increased number in body fluids of cancer patients [11] . Inspired by these discoveries, exosomes have been explored and tested for cancer immunotherapy [1, 8, 12, 13] . This review covers the current understanding of exosomes in composition, isolation and characterization, and highlights the state of the art of exosomebased cancer immunotherapy, including exosomal carriers, exosome-based immune regulators and engineered exosomes, with a discussion on challenges and future perspectives. Undoubtedly, approaches utilizing exosomes for cancer immunotherapy will only increase in numbers in the future. instance, Valadi et al. reported the existence of mRNA and miRNA in exosomes derived from mouse and human mast cell. What is more, they confirmed the expression of exosomal mRNA in recipient cells in vitro, suggesting a potential role of exosomes in genetic exchange between cells [16] . Among the exosomal biomolecules, most attention has been focused on proteins loaded on/into exosomes, which include heat shock proteins (Hsp70, Hsp90), tetraspanins (CD9, CD63, CD81), antigen presenting molecules (major histocompatibility complex (MHC), I and II), targeting/adhesion proteins (integrins), enzymes (GAPDH), proteins associated with multivesicular body (MVB) formation (Alix, TSG101), cytoskeletal proteins (actin), among others [2, 17] . Tetraspanins (CD9, CD63, CD81) have been widely employed as exosome markers, but one should keep in mind that they are not expressed universally by all cell types, e.g., mature B cells not expressing CD9 making it obligatory to select other appropriate markers [18] . Interestingly, MHC molecules have been reported to be beneficial for exosomal cancer immunotherapy [18, 19] . [20] , (H) Nanoparticle Tracking Analysis (NTA) [21] , (I) Dynamic Light Scattering (DLS) [22] , (J) Bradford Protein Assay (BA), (K) Western Blot (WB) [21] analysis and (L) Flow Cytometry (FL) [22] . Reproduced or adapted from ref [20] [21] [22] with permission from Nature Publishing Group and PLOS.
Figure 2.Schematic illustration of intercellular communication, composition, isolation and methods of characterization of exosomes. (A) Exosome-mediated intracellular communication. (B) Composition of exosomes including lipids, nucleic acids and proteins. (C-F) Strategies of exosome isolation: (C) Differential centrifugation, (D) size exclusion chromatography, (E) precipitation and (F) affinity capture. (G-L) Approaches of exosome characterization: (G) Transmission Electron Microscopy (TEM)
Based on the physical or biological properties of exosomes (i.e. density, size, solubility, surface markers), several approaches have been applied for exosome isolation, for instance, differential centrifugation, size exclusion chromatography, precipitation and affinity capture ( Figures 2C-2F ). Differential centrifugation is the most frequently employed method for the isolation of exosomes. Starting with low speed spinning to remove cells and cellular debris, a final gravity of 100000 × g is commonly applied for pelleting exosomes, while the use of a sucrose gradient allows the efficient removal of non-vesicular particles like protein aggregates [3, [23] [24] [25] . The differential centrifugation method requires an ultracentrifuge and a long processing time. In term of particle size, exosomes can be isolated by size exclusion chromatography, which can result in a narrow vesicle size distribution and intact exosome structures [26, 27] . However, size exclusion chromatography is timeconsuming [28, 29] . More recently, isolation of exosomes by precipitation has been realized through solubility reduction and low-speed centrifugation, with several isolation kits being commercially available. The precipitation method significantly simplifies the isolation procedure and reduces the processing time but may compromise the purity through contaminants from other extracellular vesicles and the precipitation reagents [30] [31] [32] . Compared to the aforementioned strategies, affinity capture of exosomes, making use of typical surface markers of exosomes (e.g. CD9, CD63, CD81), is able to remove most impurities and harvest relatively pure exosomes. For instance, antibody-coated magnetic microbeads can be used to capture exosomes which contain the target protein on the surface, and the microbead-captured exosomes can be directly used for some downstream characterizations, like flow cytometry analysis. Nevertheless, affinity capture may miss exosomes that do not have the corresponding surface marker, and this method is currently expensive for large-scale isolation [25, 33] . In brief, there is still no perfect approach for exosome isolation so far. The development of novel isolation strategies may require further understanding of exosome composition and properties, and the combination of multiple isolation techniques.
Modern techniques have been employed to characterize exosomes based on their physical properties as nanovesicles and biological characteristics due to loaded biomolecules. Here, we briefly review the commonly used characterization techniques, including transmission electron microscope (TEM), dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), Bradford protein assay (BA), Western blot (WB) analysis and flow cytometry (FC) (Figures 2G-2L) [32] . Among these methods, TEM, DLS and NTA are most frequently used for particle characterization, while BA, WB and FC are applied for protein analysis. TEM visually depicts the size and morphology of exosomes and enables the viewing of the vesicles, but it generally requires specialized sample preparation and expensive equipment [34] . DLS gives information on both size distribution and the zeta potential of the vesicles in solution, only requiring simple sample preparation and measurement [22] . As a complement to DLS, NTA is able to quantify vesicle distribution and concentration, and is extensively employed in exosome studies [35, 36] . BA rapidly measures the total protein concentration of exosomes as an estimation of exosome concentration, but cannot identify specific proteins [37] . WB analysis separates and identifies specific proteins (i.e., proteins of interest or exosome markers), but is comparatively time-consuming [38] . FC is a powerful technique for the rapid analysis of cell surface markers, which has been applied to exosome characterization. It is difficult for standard FC to detect particles under 200 nm. Therefore, different strategies have been employed to make exosomes detectable by FC, such as microbead capture, fluorescence labeling and fluorescence triggering [38] [39] [40] [41] . To analyze RNA in exosomes, reverse transcription polymerase chain reaction (RT-PCR) can be performed [42] . All these characterization techniques provide essential and critical information for using exosomes in cancer immunotherapy.
Exosomes in Cancer Immunotherapy
The structure and composition of exosomes endow them with both properties of nanomaterials and characteristics of active biomolecules. Thus, exosomes have been studied in various types of cancer immunotherapy (Figure 3) . Herein, we report the recent progress in this field.
Figure 3. Schematic illustration of strategies for exosome-based cancer immunotherapy [43], including employment of exosomes as nanocarriers and immunoregulators, and engineering exosomes for advanced cancer immunotherapy.

Exosomes as nanocarriers
Nanocarriers are promising for various cancer immunotherapies, owing to their outstanding performance in 1) loading capacity of various immunotherapy elements, such as tumor associated antigens (TAAs) and adjuvants, 2) controlled delivery of cargos and 3) passive or active targeting of phagocytes or tumor cell [7, 17, 44, 45] . Among the nanocarriers, lipid-bilayer exosomes, as a natural delivery system, exhibit intriguing advantages, which make them promising for cancer immunotherapy. Exosomes have a similar vesicle structure as liposomes, an artificial lipid-bilayer nanodelivery system, which has already been successfully employed for immunotherapy of cancer [46, 47] . In addition, the endogenous origin and loaded biological materials of exosomes endow them with superior power for the delivery of immunological regulators under various physiological and pathological conditions, such as good biocompatibility, nonimmunogenicity, natural targeting and high penetration of biological barriers [1, 17, 48, 49] . Mahmoodzadeh et al. decorated MDA MB-231 cancer cell exosomes with staphylococcal enterotoxin B, a bacterial superantigen that binds to MHC II and polyclonally activates T cells, which achieved apoptosis in esterogen receptor-negative (ER-) breast cancer cells [50, 51] . More recently, Morishita et al. designed murine melanoma B16-BL6 tumor cell-derived exosomes equipped with both endogenous tumor antigen and streptavidin-lactadherin, facilitating the co-delivery of biotinylated CpG DNA. This co-delivery induced an effective activation of DC2.4 dendritic cells and an in vivo anti-tumor effect in immunized B16-BL6 tumor-bearing mice. Such a strategy incorporating streptavidin-lactadherin on exosome surface may also be effective for the delivery of other biotinylated genes, drugs and antibodies for immunotherapy [52] . Furthermore, exosomes have been successfully employed to overcome the "blood-brain barrier (BBB)" and delivered anti-cancer drugs in a zebrafish brain cancer model, suggesting their potential suitability for brain cancer immunotherapy [53] . Advancements in nanomaterials have enabled the delivery of genes, drugs, antibodies, antigens, adjuvants and cytokines thereby providing valuable tools for effective cancer immunotherapies [54] . Exosome-based delivery systems can build on the existing experience and knowledge on nanomaterial-based strategies, to test their potential unique advantages for immunotherapy.
As regulators of immune response
Tumor derived exosomes (Tex): Tex have been found to modulate the immune responses in different ways. Exosomes retain biological substances from donor cells, making them suitable representatives of donor tumor cells that can hide tumors from immune surveillance. For example, B cell lymphoma-derived exosomes carry CD20 which can sequester therapeutic anti-CD20 antibodies, leading to B cell lymphoma escape from antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) [55] . Suppressive immune mechanisms, such as immune checkpoint inhibitors and suppressor cells, are also hijacked by Tex. Acute myeloid leukemia (AML)-derived exosomes carry inhibitory molecules on their surface, such as Fas ligand, PD-L1, CD39 and CD73, and inhibit the anti-tumor response of natural killer (NK) cells by crosslinking inhibitory receptors on NK cells [56] . The inhibition of T cells by Tex is achieved in a similar fashion [57, 58] . Regulatory immune cells are also affected by Tex. Mammary Tex can block the differentiation and maturation of dendritic cells (DCs) from bone marrow CD11b + precursor cells in mice [59] . Instead, Tex steer differentiation to CD11b + Gr1 + myeloid derived suppressor cells (MDSC) in the spleen [60] . A similar blockade was observed in human DC differentiation from peripheral CD14 + monocytes [59] . Tex can also induce a M2 polarization of macrophages [61] , and stimulate the proliferation of regulatory T cells which both support tumor progression [62] . As many studies have demonstrated Tex to be immunosuppressive, it has been hypothesized that Tex removal by extracorporeal hemafiltration might serve as an adjuvant therapy, especially to enhance the efficacy of TAA-targeting antibodies [63] . It remains to be seen how effective and feasible this strategy will be in patients.
However, there are also some studies demonstrating that Tex can boost anti-tumor responses [64, 65] . The enrichment of Hsp70 in exosomes has been shown to induce stronger MHCindependent anti-tumor responses [64] . DCs pulsed with hepatocellular carcinoma (HCC) Tex (DC-Tex) induced a stronger anti-tumor immune response than DCs pulsed with the tumor lysate, resulting in an improved HCC tumor microenvironment by reducing the number of CD25 + FoxP3 + CD4 + regulatory T cells [66] .
Dendritic cell derived exosomes (Dex): Dex have been shown to strongly induce anti-tumor response in murine models [67, 68] , which is dependent on the activation of T cells. Dex activate T cells in two ways, (1) direct activation, and (2) more importantly, indirect activation through antigen-MHC complex transfer to bystander DCs. Dex have been shown to directly stimulate the proliferation of T cells, and to activate T cells in an antigen-specific manner in vitro [69, 70] . This direct activation is Dex dose-dependent and reflects the properties of the donor cells, since Dex from mature DCs are more effective than Dex from immature DCs [69, 70] . However, the direct T cell activation by Dex is very weak compared to the activation by DCs. Dex alone are not able to activate naïve CD4 + T cells, but require the presence of DCs to achieve a strong T cell activation [71, 72] . Dex can be internalized by DCs, followed by processing of antigens in the endosome [73] . The processed antigens can then be presented by DCs. The immune stimulatory mechanism underlying this process is the same as using Tex to pulse DCs. Alternatively; Dex can be trogocytosed by DC after binding. Trogocytosis is a direct membrane transfer, leading to antigen-MHC complex presentation on DCs without further processing. This process is often termed as cross-dressing [74] [75] [76] [77] . In addition, Dex can also activate NK cells via Interleukin 15 receptor alpha (IL15Rα), natural killer group 2D (NKG2D) ligands and tumor necrosis factor (TNF) [78] [79] [80] . It has been reported that Dex can activate and stimulate NK cells via TNF/TNF receptor interaction, resulting in the secretion of Interferon-γ (IFN-γ) [76] . Four clinical trials have been conducted to treat cancer patients using exosomes derived from tumor antigen-pulsed DCs [79] . In these clinical trials, Dex were well-tolerated and induced enhanced NK effector functions. However, the efficacy of Dex was low. Tumor-specific T cell responses were not observed in patients, which is in stark contrast to the findings in murine tumor models. This lack of T cell response may be caused by the more complex suppressive tumor microenvironment in late stage cancer patients than in tumorbearing mice. Dex rely on recipient's DCs to activate T cells, while usually the DCs in cancer patients are hyporesponsive and less in numbers, or T cells are suppressed by the inhibitory tumor microenvironment [80] [81] [82] [83] . Interestingly, it has been shown that mammary Tex-pulsed DCs are able to suppress the growth of the tumor. However, the pretreatment of mice with Tex dramatically abolishes this tumor suppression [84] [85] [86] . T cells in cancer patients might likewise be pre-suppressed, and therefore not respond to Dex. Another fact to note is that exosomes are mainly cleared by monocytes and macrophages as they have the highest capacity of phagocytosis [87] . However, monocytes and macrophages are not the ideal target cells of Dex since they are not as effective as DCs in presenting antigens to T cells. Therefore, the actual Dex concentration available for DCs may not be high enough to activate T cells. In this case, modification of Dex to better target DCs or to reverse the suppressive activities of MDSC/ tumor-associated macrophages (TAM) may help improve the outcome of Dex therapy.
Engineering exosomes for advanced immunotherapy
In addition to naturally secreted exosomes, engineered exosomes open new avenues for advanced cancer immunotherapy. Currently, the two prevalent methods for exosome engineering are direct modification of exosomes and donor cell engineering [4] , generally accomplished by electroporation, transfection or transduction [14] . The optimization and refinement of exosomes can enhance exosomal cancer therapy efficacy via strengthened immune response, specific targeting or induction of anti-tumor immunity [4, 88] . Gehrmann et al. decorated exosomes with α-galactosylceramide and ovalbumin, and reported a synergistic enhancement of the adaptive immune responses against the tumor, evidenced by inhibition of tumor growth and augmented antigen-specific CD8 + T cell infiltration into the tumor [87] [88] [89] . Similarly, exosomes admixed with CpG oligonucleotide adjuvant were able to mediate melanoma tumor rejection [87] . Exosomes derived from TGF-β1-silenced L1210 leukemia cells have been shown to promote DC maturation and subsequent CD4 + T cell proliferation, resulting in a potent antileukemia immunity [90] . Yang et al. manipulated EL-4 lymphoma cells to express both ovalbumin and Interleukin 2 (IL-2), and the isolated exosomes induced a stronger antilymphoma cytotoxic T lymphocyte activity and inhibited tumor growth [91] . Moreover, by transfection of Rab27a (member of the small GTPase superfamily) into murine A549 lung cancer cells, the derived exosomes could induce preventive as well as therapeutic anti-tumor immunity [92] . Furthermore, with the recent breakthrough in chimeric antigen receptor (CAR) T cell therapy, CAR T cell-derived exosomes have been proposed to be a promising tool for targeted cancer treatment [93] . In summary, engineered exosomes for cancer immunotherapy have yielded promising results, but as this field is still young, more optimization work is required.
Conclusions, Challenges and Future
Exosomes are being increasingly understood as pivotal mediators of intercellular communication and substance exchange, with a promising potential in cancer immunotherapy. A range of studies has already demonstrated the effectiveness of exosomes in various cancer immunotherapy settings. For instance, Dex, able to regulate both DCs and T cells, have been proposed to be a cell-free vaccine and developed for clinical trials [94] [95] [96] . The reported findings suggest exosomes to be a powerful tool for cancer immunotherapy. However, as in any young and developing field, there are challenges to be overcome. Current methods of exosomes isolation are time-consuming and expensive, and effective approaches for large-scale exosome isolation are still to be developed. Thus, the development of fast and low-cost isolation techniques that increase yield of exosomes at a high purity is urgently needed. In addition, the type, amount and biological function of biomolecules (e.g. lipids, nucleic acids, proteins) loaded on/into exosomes are not fully known. Due to the complexity in composition, exosomes have shown both immunostimulatory and immunosuppressive effects, which must be considered when employing exosomes for cancer immunotherapy [17] . Although exosomes are considered to be safe, biocompatible and non-immunogenic, owing to their endogenous origin, the transfer of an unknown mix of bioactive molecules can add risks to immunotherapy. Further studies are needed to gain more understanding on the exosomal composition content, and potential toxicity. Despite these obstacles, research on exosome-based immunotherapy is bound to increase, driven by more and more promising results. Costimulation is known to be crucial for immune responses, and the combination of exosomes with co-stimulatory receptors may dramatically strengthen their anti-tumor efficacy. Last but not least, considering the nanoscale size of exosomes, the combination of exosomes and other nanomaterials could be a winning strategy in cancer immunotherapy. All these novel approaches will certainly result in a rising trend of exosome-based cancer immunotherapy.
